. Such tunability of the buffer layer is important, since a "cliff" structure in the conduction-band energy alignment (E c,absorber > E c,buffer ) increases interface recombination, whereas a "spike" structure (E c,absorber < E c,buffer ) forms a barrier that blocks photocurrent collection for CBO larger than 0.5 eV [8, [14] [15] [16] [17] [18] [19] . Recently, heterojunction solar cells using a p-type SnS absorber layer and an n-type ZnO-based buffer layer have shown to be a promising path towards earth-abundant non-toxic thin-film solar cells exhibiting a certified total-area record efficiency of 2.04% (uncertified active-area efficiency of 2.46%) with Zn(O,S) buffer layers [9] , and an efficiency of 2.1% with Zn 1-x Mg x O buffer layers [20] .
Introduction
Tin monosulfide (SnS) has shown to be a promising alternative p-type absorber material to conventional Cu(In,Ga)(S,Se) 2 (CIGS) and CdTe due to its earth-abundancy and non-toxicity, suitable bandgap of 1.1 -1.5 eV [1, 2] , and high absorption coefficient above 10 4 cm -1 [3, 4] .
Furthermore, SnS is a binary compound that involves simpler growth chemistry compared to Cu 2 ZnSn(Se,S) 4 [5, 6] , another investigated earth-abundant absorber material. Zinc oxysulfide, Zn(O,S), has shown to be a promising non-toxic n-type buffer layer to replace the conventional toxic CdS [7, 8] in CIGS-based solar cells [8] . Zn(O,S) allows simple tuning of the conduction band offset (CBO) at the p-n junction interface by optimizing the oxygen and sulfur contents of Zn(O,S) [9] [10] [11] , which can be easily done with atomic layer deposition (ALD) by altering the number of pulses for each precursor [7, 12, 13] . Such tunability of the buffer layer is important, since a "cliff" structure in the conduction-band energy alignment (E c,absorber > E c,buffer ) increases interface recombination, whereas a "spike" structure (E c,absorber < E c,buffer ) forms a barrier that blocks photocurrent collection for CBO larger than 0.5 eV [8, [14] [15] [16] [17] [18] [19] . Recently, heterojunction solar cells using a p-type SnS absorber layer and an n-type ZnO-based buffer layer have shown to be a promising path towards earth-abundant non-toxic thin-film solar cells exhibiting a certified total-area record efficiency of 2.04% (uncertified active-area efficiency of 2.46%) with Zn(O,S) buffer layers [9] , and an efficiency of 2.1% with Zn 1-x Mg x O buffer layers [20] .
Although SnS exhibits properties suitable for an absorber layer, grain boundaries and defects such as sulfur vacancies in the bulk can induce recombination centers, which diminish the performance of the solar cells [21] . Such defects can be reduced or eliminated by providing sulfur to the film through an appropriate post-annealing atmosphere.
In this paper, we grow SnS by pulsed-chemical vapor deposition (pulsed-CVD) from a cyclic tin(II) amide precursor [22] and improve its quality by varying the temperatures of growth and post-deposition annealing. The device performance was further improved by optimizing the oxygen and sulfur contents of the Zn(O,S) buffer layer. Since different growth and annealing conditions of SnS can change the conduction-band energy level of the absorber layer, tuning of the CBO through the Zn(O,S) buffer layer composition is critical to optimizing the band alignment across the junction [23] . For the optimum conditions, the solar cell efficiency reaches 2.9%, the highest yet reported for solar cells with SnS as the absorber layer.
Experimental Procedure
Solar cell devices with a structure of Si/SiO 2 /Mo/SnS/Zn(O,S)/ZnO/ITO/Ag were fabricated. A schematic diagram of the device stack is shown in Figure 1 Van der Pauw measurements and Hall effect were used to determine the carrier concentration and carrier type of individual layers. The carrier mobility was then determined from ρ = 1/peμ, where ρ is the resistivity, p is the carrier concentration, e is the electron charge, and μ is the carrier mobility. Cross-sectional (with 12° tilt) and plan-view morphology of SnS films were examined by field-emission scanning electron microscopy (FESEM, Zeiss, Ultra-55).
The crystal structure and texture of the films were analyzed by x-ray diffraction (XRD, PANalytical X-Pert Pro) with Cu Kα radiation using a θ-2θ scan. SnS films were grown on quartz substrates for Hall measurements, on a layered substrate of Si/SiO 2 /Mo for XRD analysis, on glassy carbon substrates for RBS, and on Si(100) substrates for FESEM.
Results and Discussion
The dependence of H 2 S annealing temperature on the electrical properties of SnS were investigated. for both depositions temperatures. The hole mobility increased with the H 2 S annealing temperatures due to the decrease in resistivity.
Raising the deposition temperature from 70°C to 120°C improved the mobility of the asdeposited SnS film from 1 to 4 cm 2 /V·s. The mobility of the as-deposited film grown at 120°C is comparable to the film grown at 70°C and annealed at 300°C. Annealing films grown at 120°C, improved the mobility from 4 to 10 cm 2 /V·s. The enhanced mobility could be due to the improvement of crystallinity (point and extended defects). Grain growth from annealing is observed in the cross-sectional and plan-view SEM images shown in Figure 3 . Much larger grain growth after H 2 S annealing was observed for the higher deposition temperature. This is because the grains of the as-deposited film grown at 120°C start off larger than those grown at 70°C. Raising the deposition temperature to 120°C also eliminated pinholes that were observed to increase in number with annealing temperature for films deposited at 70°C.
For SnS films grown at 120°C, the effect of H 2 S annealing temperature on the solar-cell performance was investigated for a fixed Zn(O,S) buffer layer with S/Zn = 0.37, as determined by RBS. Figure 6 shows the XRD scans of as-deposited SnS grown at 70°C, and as-deposited and H 2 S annealed SnS films grown at 120°C. The as-deposited films mainly have the cubic structure (JCPDS No. 04-004-8426) that is reported to be stable at low temperatures [27] . After annealing, the films convert to the orthorhombic phase (JCPDS No. 00-039-0354) that is stable at higher temperatures [28] . The orthorhombic (111) peak of SnS decreases as the deposition temperature increases from 70°C to 120°C. For films grown at 120°C, the orthorhombic (111) peak increases with H 2 S annealing, and the orthorhombic (021) peak increases with increasing annealing temperature. Such change in crystal orientation from the different annealing temperatures is probably why the surface conduction-band position of SnS changes [29] [30] [31] , resulting in variation of the optimum Zn(O,S) sulfur content for the solar cell devices [9] .
External quantum efficiency measurements can be found in Figure 
Conclusions
Devices with efficiencies up to 2.9% were achieved through improvement of the SnS absorber layer quality via annealing and varying the stoichiometry of Zn(O,S). We successfully demonstrated solar-cell device improvements through annealing the SnS absorber layer in pure H 2 S, which improves crystallinity and reduces the density of grain boundaries. Different deposition and annealing temperatures can lead to variations of the surface conduction-band positions of SnS, which is why it is beneficial to use a buffer layer with variable compositions like Zn(O,S) so that the CBO at the p-n junction interface can be easily optimized. 
